The mechanical properties and the fracture behaviour of Mg Al alloys with discontinuous precipitation has been investigated. It is shown that this alloy presents a combination of composite hardening for the flow stress and of a modified Hall Petch hardening for the yield stress by lamellaes and Orowan hardening for globulae.
-Introduction
The goal of this study is to analyse the mechanical properties of a Mg-8.5 wt % Al alloy which can be heat-treated to produce two different Mg^Alj? intermetallic precipitate morphologies, one globular and the other lamellar. The globular morphology is obtained by continuous precipitation whereas the lamellar one results from discontinuous precipitation. The kinetics of those mechanisms has been studied in previous work (1, 2) in order to control the nature and morphology of the precipitation and to improve by heat treatment the mechanical properties of the alloy. The question of hardening depending on the morphology for a given volume fraction is also of basic interest because both the strengths and overcoming mechanisms of the obstacles and their "dislocation storage efficiency" are morphology dependant. Therefore both the yield stress and work hardening behaviour should depend on the morphology. As far as those two questions are concerned, MgAl alloys are model alloys : the lamellar structure is "composite like" where as the globular are is mutch more alike standard age hardenable alloys.
On the other hand the influence of the structure on the failure mechanisms is also of importance and is here qualitatively assessed by in situ SEM experiments.
-Materials and experimental methods
2-1 -Preparation of the binary alloy and precipitation of the β phase
The binary alloy Mg 8.5% wt Al was produced at the Pechiney Research Centre in Voreppe (France). The magnesium was melted in a crucible at 650°C. An argon and SFfi atmosphere is used in order to avoid inflammation of the magnesium. The required quantity of aluminium was then mixed in with the liquid magnesium and the resulting alloy cast in cylindrical ingots. The alloy was then extruded at 250°C under a presure of 250 bars, thereby reducing the diameter from 64mm to 15mm. The alloy was homogeneized at 420°C during 128 hours and was then in the state of a solid solution of Al in Mg.
The precipitated structure was produced by applying this same homogenizing treatment followed by a 16 hours heat-treatment at 220°C in air. This treatment resulted in double precipitation : both discontinuous and continuous precipitation were present. For both the solid solution and the precipitate structure microstructural parameters were determined by optical metallography, TEM and SEM.
The grain size was obtained, after etching using a 13 % orthophosphoric acid solution in glycerol, by optical metallography using the line intercept method. For the solid solution the grain size was 80 um and for the precipitated alloy of 65 um. In order to reveal the discontinuous precipitation a solution of (100 cc ethanol + lcc orthophosphoric acid + 4 g picric acid) was used to etch after mechanical polishing. From this method, the fraction of grains invaded by discontinuous precipitation was estimated to be about 15 %. Inside those grains the lamellar spacing was around 0.5 to 1 um and the lamellae thikness of about 0.2 um (measured by TEM).
In the grains where no discontinuous precipitation occured the β phase Mgi7Alj2 appeared in a globular form, whose diameter was about 0.5 um and the spacing between globulae was 0.3 to 0.4 um (by T.E.M. observations).
2-2 -Mechanical testing
Mechanical testing was performed on a servohydraulic machine. On this machine we have determined both for the solid solution and for the precipitated alloy both the yield stress, the work hardening coefficient and we have performed a Baushinger test in order to estimate the "composite effect". Moreover hardness measurements were performed and compared to the yield stress, and micro hardness measurements were done on grains with and without precipitation.
-Results of the mechanical testing and discussion
The results are shown below The internal stress was estimated as half the difference between the forward flow stress and the backward yield stress (6), both for the solid solution and for the precipitated alloy. It appears that the magnitude of this internal stress is proportional to the prestrain ε, and mutch larger for the alloy with precipitates ( fig. 2) . Again the values of the internal stresses are in good agreement with Brown' estimation and with the observed work.hardening in tensile test. In situ SEM tests have been performed using the apparatus designed at Grenoble by the CMTC. The surface to be observed was first polished mechanically to a mirror finish, then attacked chemically using a 10 % solution of hydrofluoric acid in water in order to reveal the precipitates. On some specimens, grids having a total area of 1 mm 2 and a cell size of 5 pm were deposited thanks to Μ. T. Bretheau at the Ecole Polytechnique, Paris, France. These grids brought out the heterogeneity of the deformation during straining.
As these tests were simply exploratory no attempt has been made to quantify the observed phenomena. We merely wished to observe the type of fracture behaviour exhibited by the alloy, and to determine the effects of discontinuous precipitation on the fracture and deformation behaviour of the material.
The solid solution appears to fail essentially alon grain boundaries though a crack propagating aloyg a grain boundary can deviate into a grain to give ductile fracture. Thus the fracture surface contains smooth regions where grain boundaries have been sheared apart, and regions containing dimples characteristic of ductile fracture. The fact that failure often occurs at grain boundaries is not surprising since we are dealing with an hep metal having only few slip systems and herefore the grain to grain incompatibilies are large.
The precipitated alloy also appears to fail mainly along grain boundaries and is influenced by the presence of the lamellar precipitates. Indeed, though some boundaries appear to shear apart as in the solid solution small voids appear to form along some grain boundaries, perhaps due to stress concentrations caused by the presence of the lamellae. Fracture is then a matter of "cuting along the dotted line". The hardening of the globular structure can be accounted for by a Orowan type hardening whereas the process of hardening of the lamellae seems to be transmission of slip from one interlamellar space to the neighbouring one, giving a modified Hall Petch hardening.
The dominant term in work hardening of the solid solution comes from the dislocation/dislocations interaction whereas in the alloys · with precipitates the hardening is due to long rang stresses, well described by Brown's model, and which also give the main contribution to Baushinger effect.
The dominant failure mode is intergranular, enhanced by the discontinuous precipitation.
